The structure and infective process of a contractile Pseudomonas aeruginosa bacteriophage (PB-I) was studied in the electron microscope using negative staining and thin sections. The octahedral form of the phage head was demonstrated by comparing electron micrographs with models. Sections of infected ceils showed condensation of the nucleoplasm up to 3o min. after infection followed by its gradual dispersion. The first intracellular phage appeared 20 min. after infection; the individual particles were surrounded by clear regions. Lysis began 3o min. after infection. First, bulges appeared in the cell wall which then peeled off. The plasma membrane disintegrated, causing the cell to split open, releasing virus particles. The length of the phage nucleic acid was found to be about 24 # by electron microscopy. It contained double-stranded DNA as indicated by acridine orange staining.
INTRODUCTION
The bacteriophages and bacteriocins of Pseudomonas aeruginosa have received an increasing amount of attention in recent years and their importance now approaches that of coliphages and colicins. There are phages for this species belonging to five of the six basic morphological types described by Bradley (I965, 1967) . The contractile types resemble the smaller contractile coliphages and appear to have octahedral heads (Bradley, I966a; Feary, Fisher & Fisher, i964; Slayter, Holloway & Hall, 1964) though the question of this head shape is controversial. The forms with long noncontractile tails have both symmetrical and asymmetrical six-sided heads and various appendages on the tips of their tails (Bradley & Kay, 196o; Feary et al. 1964; Slayter et aL 1964; Bradley, I966a) . Phages with short non-contractile tails (resembling coliphage T 3) are rare for this species though very common for the majority of other Pseudomonas species. The only one which appears to have been isolated so far was obtained in this laboratory from sewage but has not yet been described. Tail-less phages with large capsomeres (like coliphage ~bX I74) have not been found for P. aeruginosa, but tail-less phages with small capsomeres which contain single-stranded ribonucleic acid (I-RNA) are common in sewage (Feary et al. I964; Bradley, I966a) and are similar in appearance to the RNA coliphages. P. aeruginosa is the only species other than Eseherichia coli for which a filamentous bacteriophage has been isolated (Takeya & Amako, I966) .
Little is known about the infective processes of the Pseudomonas aeruginosa phages.
In the case of the RNA type, however, it was found that lysis of the bacterium was preceded by spheroplast formation, a phenomenon not previously observed (Bradley, 1966a) though recently it has been observed in Escherichia coli cells infected with a ~X 174 type bacteriophage (Bradley, I968) . In this paper the intracellular multiplication of a contractile type as examined by electron microscopy is described. The bacteriophage used, numbered PB-L was isolated from sewage and has been described briefly elsewhere (Bradley, I966a) .
METHODS
Culture media and methods. Both plate and broth cultures contained Oxoid nutrient broth; 2 %agar was added for solid media. High-titre phage stocks were prepared by lysis of confluent bacterial growth on six double agar layer plates (diameter I5 cm.). The soft agar layer contained 1% peptone+ 1% agar. After lysis, the phage was extracted with appropriate solutions (neutral o.I M-ammonium acetate for electron microscopy, phosphate buffered saline for acridine orange staining, and nutrient broth for other purposes). It was purified by alternate high-and low-speed centrifugation.
Host bacterium. Pseudomonas aeruginosa HOLLOWAY strain I was used throughout. It was kindly supplied by Dr T. Feary. Acridine orange staining. A fluorescent staining procedure based on that of Mayor & Hill (1961) was used for the identification of the phage nucleic acid (Bradley, I966b) . Purified phage suspension in phosphate buffered saline (g./1. NazHPO4, 1.27; KH2PO4, o'41; NaC1, 7"36; pH 7.2) was treated with IO #g./ml. and IOO,/*g./ml. respectively of DNase and RNase for I hr at 37 °. Droplets were dried on microscope slides, fixed for 5 min. in Carnoy's fluid, then rinsed in absolute alcohol. After drying thoroughly in a stream of warm air, the slides were stained in o.oi % acridine orange in citric acid+phosphate buffer (o-I M-citric acid, 6.0 ml.; o'15 M-Na2HPO4, 4"0 ml.; pH 3"8) for 5 min. After treatment in o.15 M-Na2HPO4 for 15 min. the slides were viewed under 2570 ~. ultraviolet light. Slides were further treated by immersing them in solutions of molybdic or tartaric acids (Bradley, I966b) , the colours under u.v. being noted. The sensitivity of spots to the action of RNase and DNase was also tested (Bradley, 1966b) .
Lysis of broth cultures by phage PB-I. A 200 ml. broth culture of Pseudomonas aeruginosa strain I was grown up to a concentration of 4"5 x io s bacteria/ml. (measured by optical absorption). Sufficient phage PB-I was added to achieve a multiplicity of infection of 1. A similar uninfected culture was also prepared as a control. Both cultures were shaken at 37 ° and the bacterial concentration estimated by optical absorption at intervals. Growth curves were constructed and samples were removed for electron microscopy at the points indicated (Fig. I) .
Fixation, embedding and sectioning of infected bacteria. Five ml. of a 25 % (w/v) aqueous solution of glutaraldehyde was added to a 15 ml. sample of the infected culture described above, giving a final concentration of fixative of 6-25 % (w/v). After 1¼ hr at room temperature, the bacteria were washed twice in Sorensen's buffer (pH 7.2) by centrifugation and resuspended finally in 1% osmic acid in the same buffer. After 1½ hr post-fixation at room temperature, the bacteria were suspended in buffer and stored overnight at 2 °. They were next centrifuged into a pellet and mixed with a small amount of 2 % agar in water at 45 °. The mixture was squeezed from a capillary tube to form a cylinder, short lengths of which were used for subsequent processing.
Samples were dehydrated for 2o min. in each of the following concentrations of acetone: 3O~/o, 5o%, 75%, Ioo%. The first two solutions contained i% uranyl acetate for staining. Two additional treatments in dehydrated Ioo ~o acetone were then made for ½ hr and I hr. The portions of agar were then transferred to a mixture of acetone+Vestopal (I:~ by volume) in a watch-glass and left uncovered at room temperature overnight. The next day, the specimens were transferred to zoo ~'o Vestopal containing 1% initiator and accelerator. After 4 to 5 hr they were placed in fresh Vestopal mixture and left in a cool p/ace (about Io °) for 2 days. They were finally transferred to gelatin capsules which were filled with Vestopal mixture and allowed to polymerize at 60 ° overnight. Sections were cut with a diamond knife on a Huxley ultramicrotome and mounted unsupported on electron-microscope specimen grids. Before examination in the microscope, the sections were stained in lead citrate (Reynolds, I963) and stabilized with a thin film of evaporated carbon.
Negative staining. Vegetative particles of phage PB-I were examined in the electron microscope by negative staining. A suspension in neutral o.I M-ammonium acetate solution was mixed with an equal volume of neutral 2 ~/o (W/V) potassium phosphotungstate solution. A carbon-coated grid was touched on to the mixture, the excess liquid removed with a filter paper and the grid dried under a lamp before examination.
Electron microscopy of phage nucleic acid. Phage nucleic acid molecules were examined in the electron microscope using the spreading technique of Kleinschmidt et al. 0962). Water was used as the hypophase and a phage suspension in a o-or % (w/v) solution of cytochrome c in 3 M-ammonium acetate was spread on it. The phage particles were ruptured by osmotic shock. The monolayer was picked up on carboncoated grids and shadowed at 6 ° from two directions (at 9 °o ) with platinum.
RESULTS

The nucleic acid of phage PB-I
The acridine orange staining of phage PB-I produced the colours listed in Table I when viewed under u.v. light; those obtained with a suspension of coliphage T4, which was used as a control, together with the standard colours quoted by Bradley (I966b) are included. Table I also contains the results of RNase and DNase sensitivity tests.
Nucleic acid length measurements using the trough method gave an approximate value of 24/z; the release of the molecules by osmotic shock caused them to break up to a greater degree than was desirable. 
The structure of phage PB-I
The general appearance of the phage is shown in PI. I a. It belongs to the contractile group, but is smaller than the T-even coliphages. The general appearance of the particle with its head full and sheath extended is shown in P1. I b, C, d. The head presents an irregular six-sided outline which suggests an octahedral form (P1. I c). The tail has a rather indistinct mottling and some fibres at the tip which are folded up against the sheath (PI. I b, d arrowed). Very occasionally an indication of regular structure can be found on full heads (P1. I e, arrowed). More often, however, capsomeres can be seen on distorted heads as small projections around the circumference (PI. If); they are about 3o A in size. The size of the head (the distance between opposite edges) is about 75o ~,. The tail length is 14oo .~. The full head in P1. Ig and the empty heads in P1. 2a, b show an octahedral form which can be compared to the superimposed models.
The headless tail in PI. 2e shows a double washer assembly where the head was (4) is best shown by spreading the particles on a trough and shadowing them at a low angle (P1. 3b); here they are pulled away from the contracted sheath.
Intracellular changes in bacteria infected with phage PB-I
A section through a typical uninfected dividing cell of Pseudomonas aeruginosa strain I is shown in P1. 3d. The transparent nueleoplasm is surrounded by a dense layer of dark granules, presumably ribosomes. Small mesosomes (arrowed) can occasionally be found. Uninfected cultures contain many cells which are probably dying because the cytoplasm appears disorganized (P1. 3 c). Here, the appearance is more or less uniform save for dense regions; also, the cell membrane has shrunk away from the cell wall. Ten min. after infection (Fig. I , sample I ; P1. 4 a) cells have more or less the same appearance as uninfected ones with perhaps some condensation of the nueleoplasm. The small dense objects (PI. 4a, arrowed) also appear in uninfected cells. Twenty rnin. after infection the nucleoplasm is more definitely condensed and intracellular phage appears (P1. 4b, arrowed). The phage particles appear as partly filled heads; the contents are in the form of a dark band. Each individual particle is surrounded by a clear area (P1. 4c). Thirty min. after infection intracellular phages are much more numerous and many of them are full, though empty and partly filled heads are still visible (PI. 4d). The clear areas are better defined, and noticeably narrowed. The appearance in transverse section (P1. 5a) is similar. In all ceils from 30 min. after infection, the nueleoplasm is diffuse and hardly recognizable as such.
Forty min. after infection the cell wall shows signs of breaking down (PI. 5c). There is a bleb at B and the cell wall appears to have broken at the points C. The intracellular phages are still surrounded by a clear area but this seems reduced in size. Plate 5 b shows a bleb at higher magnification. The cell membrane is distended but still intact; the cell wall is curling off to form the characteristic shapes found in debris which remains after lysis (P1. 7 a, b) . In P1. 6 the breakdown of the cell wall is much more extensive and the cell membrane also appears to have lost its integrity. This cell shows signs of division. Two portions of nucleoplasm are marked N, and R indicates two regions containing what are presumably ribosomes. The cell is constricting slightly at C and there is a dense body at D. A transverse section of a cell approaching lysis is shown in P1. 7a. The cell wall is bulging in several places and there is a hole through both the cell wall and the cell membrane. Lysis is shown in P1. 7 b. Half the cell has broken away, releasing cell wall fragments and the cell contents. It is to be noted that the phage particles still retain a narrow clear area surrounding them in a few cases. Plate 7a, b, shows the cell-wall debris which remains after lysis; it consists of thin sheets which have curled up and have a vesicle-like appearance in sections.
DISCUSSION
Structure
The micrographs of the head of phage PB-I (P1. 2 a, b) are of some importance since the apparent octahedral form of some phage heads (e.g. E I, Bradley, I963) has not been universally accepted. In these micrographs, the head appears to be only partly filled. The resulting three-dimensional effect accentuates the edges up to the apices. We therefore conclude that the similarity between the heads and the superimposed models demonstrates the octahedral form of this phage. The fourfold radial symmetry of the tail, which is attached to an apex of the octahedron (P1. 2a), is reflected by the presence of four tail fibres (PI. 3 b) .
The volume of the head, based on an octahedron with a side of 750 ~,, is 2 × lO 8 .~3. This may be compared to the volume of the DNA molecule which is 7"6 x lO 7 A3
(derived from a 20 ~, cylinder 24 # long). The DNA thus occupies about 37 % of the head as compared with 43 % for the T-even phages (Bradley, 1967) . While possible inaccuracies in DNA length measurements must be borne in mind (Inman, ~967) , it seems certain that the molecule is loosely coiled.
The possibility of classifying bacteriophages according to their structure and nucleic acid type and strandedness, has been discussed by Bradley (1965 Bradley ( , 1967 . In such a classification, phage PB-I belongs to the large group characterized by double-stranded DNA and contractile tails.
The PB-I tail is morphologically similar to several pyocins (Ishii, Nishi & Egami, 1965; Bradley & Dewar, 1966) . The core, contractile sheath and tail fibres are all present in the pyocins, the only differences being in the lengths : the pyocins are I25o .~ long and the PB-I tail is 14oo ~ long. This suggests that the pyocins could be derived from or are the forerunners of bacteriophages. While this cannot be answered with any certainty it seems most logical to suppose that the pyocins are the result of a mutation of temperate contractile bacteriophages perpetuated in nature as plasmids. At all events, it seems likely that the two entities are closely related.
The infective process
Phage PB-I adsorbs tail first (Bradley, I966a) as is evident from P1. Ia. The tail fibres seem to play a similar role to those of the T-even coliphages in the process; they are normally folded up against the sheath (PI. I b, d). On adsorption they splay out (Bradley, I966a) . After sheath contraction the DNA is injected.
The first obvious change in the appearance of infected cells is when intracellular phage appears (P1.4b). These particles have an unusual appearance with a bar across them; no obvious explanation can be offered for this. The formation of a phage DNA pool (Kellenberger, Srchaud & Ryter, I959) is not obvious from the micrographs. It seems fairly clear, however, that the transparent areas within the cell, which may or may not be the phage DNA pool, become progressively more dispersed from 30 min. after infection. One of the most obvious features is the clear area round each individual intracellular phage (P1. 5 a). The micrographs show an absence of cytoplasm in these regions but it is impossible to say whether or not any DNA is present; one can draw no definite conclusions as to their significance.
Forty min. after infection the onset of lysis is marked by the breakdown of the cell wall. The mechanism for lysis is as follows: first, blebs or bulges form (P1. 5 c); as these grow larger, the cell wall breaks and folds back, and the cell membrane ruptures (P1. 6). Finally, the whole cell splits open to release the contents. The remaining cellwall and cell-membrane debris (P1.7 a, b) is similar to that left by the lysis of Escherichia coli cells by coliphage T 2 (Cota-Robles, I964).
One of the main objects of this work was to compare the lysis stage of the infective process of a contractile Pseudomonas aeruginosa phage with that of an RNA one. In the latter, the mechanism of lysis involved the formation of spheroplasts (Bradley, I966a) which subsequently burst, presumably by osmosis. Here, there are no spheroplasts. The absence of intact cell ghosts in the debris resulting from lysis indicates that the cell wall if completely fragmented. It is thus evident, as might be expected, that lysis by spheroplast formation with RNA Pseudomonas phages is a function of the phage rather than the bacterium.
Phage PB-I has been deposited in the National Collection for Industrial Bacteria and the Czechoslovak Culture Collection, Kr~ilovopolskfi I35, Brno, Czechoslovakia.
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